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Abstract 
Magnetic field imaging using polarized pulsed neutrons is attractive technique because it has the capability to visualize spatial distribution of 
the magnetic field. Analyzing neutron polarization change due to neutron spin rotation result under a magnetic field at each position makes it 
possible to obtain a spatial distribution of magnetic field. As previous work, One-dimensional polarization analysis setup using pulsed neutrons 
was established at J-PARC MLF and HUNS. In this paper, we have established three-dimensional polarization analysis setup to deduce a 
magnetic field strength and the direction precisely and, quantitatively evaluated averaged magnetic field strength and the direction inside a coil 
by comparing ones calculated by magnetic calculation using FEM and one measured by a hall probe. 
© 2015 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of Paul Scherrer Institut. 
Keywords: Polarized neutrons; Pulsed neutron imaging; Magnetic field; Numerical analysis 
1. Introduction 
 Neutron depolarization technique is a powerful tool for investigating the intra-magnetic structure of magnetic 
materials. Basic classical approach of neutron depolarization has been developed by Halpern and Holstein [1] and 
extended by Rekveldt [2]. They reported the importance of neutron wavelength dependence of depolarization for 
investigating further information of intra-magnetic structure, and experimental studies of wavelength dependence 
of depolarization have been carried out by Mitsuda and Endoh later [3]. On the other hands, neutron imaging 
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technique is also important for investigating intra structure of materials. As one of neutron imaging, a new method 
using the pulsed neutron beam and the Time of Flight (TOF) analysis has been developed recently, which enables 
us to get various images with different contrast and material information by analyzing neutron energy [4-6]. In 
addition, we have been developing a magnetic field imaging technique combining the measurement of neutron 
wavelength dependence of depolarization and the pulsed neutron imaging. This is an attractive technique due to its 
capability of spatially mapping quantitative values of the magnetic field strength and the direction inside a 
magnetic material and a closed space since it is much easier at a pulsed neutron source than a reactor source [7-9] 
to deduce the quantitative values due to its efficiency of wavelength dependence measurements. As a previous 
work, we evaluated both of the strength and the direction of a magnetic field induced in a solenoid coil using a 
one-dimensional neutron polarization analysis experimental system at J-PARC MLF and Hokkaido University 
Neutron Source (HUNS) [10-11]. However, the precision of obtained magnetic field strength was still ambiguous 
and the field direction can’t be deduced correctly, because both of the magnetic field strength and the direction 
were not obtained precisely. The reason for this was that the contamination of environmental field may degrade the 
obtained results and one-dimensional neutron polarization analysis gives not the exact direction of magnetic field 
but its projection toward the neutron spin’s quantization axis. Therefore, it is necessary to build up a much more 
sophisticated system that can control the neutron spin three dimensionally and can remove the effect of 
environmental field. 
In this paper, we present an experimental system constructed for three dimensional polarization analysis using 
pulsed neutrons at HUNS and results of the transmission experiments and the numerical calculation on the 
magnetic field distribution. Finally, we discuss the evaluated the strength and the direction of the magnetic field by 
our new experimental system. 
2. Principle 
The equation of motion of neutron spin passing through a magnetic field is described as 
[ ]Bıı ×= nt γnd
d
   (1)
where ın is a unit vector parallel to neutron spin, B is a given magnetic field and Ȗ is gyromagnetic ratio of the 
neutron. The neutron spin rotates around the magnetic field, which called the Larmor precession, due to classical 
magnetic moment like behaviour of the neutron with spin 1/2. From this equation, the resulting precession angle ĳ
after passing through a magnetic field region becomes as follows, 
³³ ==== pathpathL ddȖ sBhȖmsBvȖBtt λωϕ    (2)
where ȦL is the Larmor frequency, t is the time when a neutron stays in a magnetic field, v is the neutron velocity, 
λ is the neutron wavelength, s is the flight path in a magnetic field, B is the magnetic field strength B=|B|, m is the 
neutron mass, h is the plank constant. A classical three-dimensional expression of neutron depolarization using the 
rotation angle ĳ was given by Rekveldt [2] as 
( ) ( )0PDP =ϕ    (3)
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where D is depolarization matrix, P(ĳ) and P(0) are the initial and final polarization respectively. Polarization P is 
defined as 
−+
−+
+
−
=
nn
nnP    (5)
where n+ and n- are intensities of spin-up neutrons and spin-down neutrons respectively. The matrix D for a 
uniform magnetic field is written as 
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where nx, ny and nz are direction cosines of uniform magnetic field. From Eq. (2) and (6), the magnetic field 
strength can be obtained from the precession angle ĳ when the neutron wavelength and the polarization are known. 
However, the precession angle can’t be decided uniquely from the polarization due to its periodicity of 2π. On the 
other hands, an oscillatory behaviour of neutron polarization against the neutron wavelength is expected from Eq. 
(2), so that analyzing the frequency of the polarization oscillation makes it possible to decide the absolute value of 
the precession angle and then to evaluate the value of magnetic field strength. Additionally, analysis of the 
amplitude of the polarization oscillation enables us to determine direction cosines of magnetic field vector by Eq. 
(6). 
The usage of the pulsed neutron beam is very suitable, because pulsed neutrons can be considered as a 
succession of monochromatic neutrons at each instant and wavelength dependent polarization can be measured 
precisely and efficiently by the usage of Time of Flight (TOF) method of pulsed neutrons. Hence, magnetic field 
imaging technique using polarized pulsed neutrons makes maps of magnetic field strength and the direction 
quantitatively by means of determination of the absolute precession angle ĳ with spatial resolution.  
3. Experimental 
Three-dimensional polarization analysis experiments were carried out at the cold neutron beam-line of HUNS. 
Photo-neutrons generated by photons of bremsstrahlung of electrons [5-6] were moderated by the solid methane at 
18 K. The neutron flux at the detector position located at around 6 m from the cold moderator was around 103
n/cm2/s [6]. In this experiment, the pulse width of the pulsed electron beam was chosen to be 3 μs, which is the 
maximum value of HUNS, to get high neutron intensity, and repetition rate was 50 Hz. A schematic illustration of 
the experimental setup is shown in Fig. 1(a). The neutron beam was shaped in 30 mm (H) x 15 mm (W) by B4C 
double slits mounted at the top of upper stream. The pulsed neutron beam was polarized by solid state bender - 
stacked bent magnetic mirrors [12]. The polarization of the neutron beam was analyzed by the same device as the 
polarizer. A soller collimator, which removes neutrons deflected by analyzer, was mounted between analyzer and 
detector. The magnetization direction of the stacked bent magnetic mirrors was along vertical direction (Y axis), so 
that the polarization of the incident beam and the analysed beam is parallel to Y axis. To determine polarization P
defined as eq. (5), in practical experiment, the incident neutron spin was flipped by a spin flipper [13]. We 
performed measurements in two conditions where the spin flipper was switched on and off, which corresponded 
spin flipped (Ion) and non-spin flipped process (Ioff), respectively. Thus we obtained polarization P= (Ion- Ioff)/( Ion+
Ioff) using Eq. (5). Moreover, neutron spin direction of incident and transmitted beam was rotated by π/2 by 
applying damped current to spin rotator [14] with 1/t, which was synchronized with the generation time of pulsed 
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neutrons. By controlling two pairs of spin rotators which were mounted before and after the sample, we could 
produce the pulsed neutron beam with Z and X components of polarization vector, where Z axis is parallel to beam 
direction and X axis is along horizontal direction. Owing to this spin rotation system, we could obtain all terms of 
depolarization matrix. As the extra spin rotation due to the leaked fields from the spin rotators should be avoided 
for the precise spin rotation by π/2, we prepared iron yokes around the spin rotator’s coils. Moreover, magnetic 
shields were installed to surround the sample and the spin rotators in order to reduce the effect of stray fields. 
Additionally, the extra spin rotation due to the non adiabatic connection of magnetic fields also can be occurred 
when the polarized neutron beam traverses the outer shield. To avoid this, the coupling coils [15], which achieve 
adiabatic field connection to Y axis, were mounted at the entrance and exit of the shield. The environmental field 
was also attenuated by an additional-outer magnetic shield. In our previous system, we didn’t have spin rotators 
and magnetic shielding [11]. In the new system, we installed spin rotators to control the neutron spin three-
dimensionally and the magnetic shield to reduce the stray field for the precise neutron spin handling. An RPMT 
neutron detector [16], which consists of a position sensitive photomultiplier tube and a ZnS/6LiF scintillator on the 
surface of it, was used to obtain two-dimensional neutron images. Its pixel size was approximately 1.0 mm and the 
time resolution was 10 ns. The flight path length from the cold moderator to the detector was 8.56 m. We measured 
the magnetic field induced in a coil as the sample (Fig. 1(b)) to perform quantitative evaluation on magnetic field 
strength and the direction in observed space, whose structure was summarized in table 1 in detail. As it has been 
mentioned above, the oscillation frequency in the wavelength dependent polarization depends on the field strength 
of the sample. To ensure a clear oscillating behaviour of polarization in the present experimental wavelength range, 
the applied current of the coil was set to 0.3 A. Because nine measurements by changing neutron spin 
configuration were needed to cover all the matrix elements and a pair of measurements with spin flipper ON and 
OFF to calculate polarization degree, we performed 18 measurements in total for the cases with and without the 
sample. The exposure times were 1.5 h with the sample and 45 min without the sample. 
Fig. 1. (a) an experimental setup schematically; (b) a setup around the coil. 
4. Result and discussion 
Results obtained without the sample are shown in Fig. 2(a) as a spatial distribution of Pyy at 0.4 nm. In order to 
reduce statistical error, wavelength dependence of polarization was analyzed by summing up the data inside a 
black frame in Fig. 2(a). Fig. 2(b) indicates the wavelength dependence of neutron counts per pulse (KP) and Pyy. 
As shown in Fig. 2(b), polarization starts to build up at around a wavelength of 0.2 nm and reaches the maximum 
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value of 93% at around 0.5 nm. Fig. 2(c) shows each component of the depolarization matrix. No oscillation can be 
observed in the wavelength dependence of all depolarization matrix components. This means that the magnetic 
field strength in magnetic shield is nearly 0 mT. 
           Table 1. Information about a sample. 
Sample Square coil 
Winding  Copper wire (diameter of 0.5 mm) 
Turns 240 
Width (mm) 86 
Thickness (mm) 70 
Length (mm) 110 
Direction cosine  1 : 0.93 : 0.37 
Fig. 2. (a) spatial distribution of Pyy at wavelength of 0.4 nm; (b) polarization performance and TOF spectra in the case of the spin flipper 
ON/OFF; (c) polarization wavelength dependence for all components of depolarization matrix without the sample. 
The results with the sample are shown in Fig. 3. Oscillatory behaviour due to the neutron spin precession in a 
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magnetic field was clearly observed. However, the oscillation frequency and amplitude changed with the neutron 
wavelength. This is expected as final polarization obtained decided by precessions in different magnetic fields 
when passing through the flight path. Eq. (6) is an expression of spin rotation when the neutron travels through a 
uniform magnetic field. In order to obtain the magnetic field strength and the direction directly from the 
experimental results with the sample, it is needed to carry out a fitting analysis considering various precessions due 
to non-uniform magnetic fields. Hence, we simply modelled a magnetic field distribution inside and outside of the 
prepared coil and assumed that the fitting function D4 was given, from Eq. (3) and, as 
1234 DDDD =    (7)
where D1 represents depolarization matrix for averaged magnetic fields before the coil, D2 is in the coil and D3 is 
after the coil. Fitting of all the wavelength dependent matrix components was carried out independently in 
wavelength range from 0.3 nm to 0.9 nm. We call this kind fitting as single fitting. The result of single fitting 
analysis is shown in Fig. 3(a) and Table 2. The fitting curves well reproduced the oscillating feature of all 
experimental data. However, there were differences in obtained values of the magnetic field strength and the 
direction at each component of depolarization matrix. Actually, the values of magnetic field strength and the 
direction, which obtained by performing the fitting analysis at nine components of depolarization matrix 
individually, should be the same ones. The difference will be attributed to shortage of information to determine 
magnetic field strength and direction by using single fitting analysis. Therefore, we determined these values by 
performing the fitting analysis about nine data sets of depolarization matrix simultaneously. This result is shown in 
Fig. 3(b) and Table 3. The fitting curves well reproduced the oscillating feature of experimental data set. Obtained 
value of magnetic field strength was close to the one measured with a hall probe. Obtained values of direction 
cosines of the magnetic field vector were nx=-0.07±0.01, ny=-0.95±0.01 and nz=-0.28±0.03. There exists difference 
between the obtained values and the actual tilt angles of the coil from X, Y or Z axis (see Table 1). 
Fig. 3. (a) wavelength dependence of the polarization for all components of depolarization matrix with the sample and the result of single fitting 
analysis; (b) the fitting results are arranged in an array to compared data easily 
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Table 2. Magnetic field strength and the direction obtained by single fitting analysis. 
Dxx Dxy Dxz
Magnetic field strength [mT] 0.538 0.519 0.580 
nx 0.392 0.049 0.365 
ny -0.842 -0.782 -0.930 
nz 0.370 0.622 -0.027 
Dyx Dyy Dyz
Magnetic field strength [mT] 0.593 0.546 0.612 
nx -0.111 0.038 -0.007 
ny -0.986 -0.999 -0.937 
nz 0.125 -0.015 0.349 
Dzx Dzy Dzz
Magnetic field strength [mT] 0.575 0.597 0.575 
nx -0.480 -0.031 0.478 
ny -0.877 -0.968 -0.876 
nz 0.008 0.247 -0.059 
Table 3. Magnetic field strength and the direction obtained by applying the same fitting to all nine components simultaneously. 
Values obtained by the same fitting analysis Value measured by a hall probe 
Magnetic field strength[mT] 0.59±0.01 0.58 
nx -0.07±0.01 0 (reference axis) 
ny -0.95±0.01 -0.93 
nz 0.28±0.03 0.37 
To confirm the validity of the assumption in data analysis and the experimental results, we performed magnetic 
field calculation at first and following numerical calculation of polarization. We used a commercial magnetic field 
calculation code ANSYS, which has capability to perform magnetic field analysis, using the Finite Element 
Method (FEM). The calculation model was shown in Fig. 1(b) and was consisted of the coil and the inner magnetic 
shield. Calculated magnetic field strength distribution along neutron flight path is shown in Fig. 4(a). The averaged 
value of magnetic field strength at the center of coil was 0.589 mT (0.601 mT obtained from Biot-Savart’s law), 
which was close to the obtained value from the fitting analysis. Additionally, as shown in Fig. 4(a), averaged 
values of magnetic field strength before and after the coil were about 0.042 mT and 0.053 mT, respectively. There 
is difference between calculation and fitting results of 0.036mT and 0.075 mT respectively. However, the order of 
the values coincide each other. In this way, our assumption described above will be valid if measured position was 
the mean center position of the coil. However, we need to improve fitting function further in order to get the 
magnetic field strength distribution like calculated one from the experimental data. 
Next, we investigate a validity of the experimental result by comparing experimental polarization oscillation 
with calculated one. Polarization was numerically calculated using the magnetic field strength distribution along 
neutron flight path from the following equations based on Eq. (1). 
( ) ( ) [ ] tȖttt Δ×+=Δ+ Bııı
nnn
   (8)
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where σn(0) is given by (1,0,0), (0,1,0) or (0,0,1) and ǻt is the time step derived from actual neutron velocity. The 
obtained results are shown in Fig. 4(b). About the polarization oscillation, similar tendency was observed between 
experimental ones and calculated ones for all components of depolarization matrix. On the other hands, about the 
amplitude, there still exists discrepancy. However, in general the experimental result reflected the information of 
magnetic field of the observed object. 
Although quantitative analysis of averaged magnetic field strength and direction inside the coil was achieved 
successfully, the difference still exists. The main reasons are that the modeled magnetic field distribution is too 
simple, and sample was made from the handmade coil and the influence of non-uniform winding and slack of it is 
not negligible, and magnetic field strength distribution along neutron flight path changes by the effect of magnetic 
shield.  
Fig. 4. (a) magnetic field strength distribution along neutron flight path; (b) comparison of experimental polarization wavelength dependence 
with calculated polarization wavelength dependence.
5. Conclusion 
We have constructed the three-dimensional polarization analysis experimental system considering the effect of 
stray field in the experimental hall for magnetic field imaging at HUNS. For precise measurement of the magnetic 
field strength and the direction, the magnetic field distribution induced in coil was modelled simply and the field 
was adopted for the fitting function. We successfully evaluated the averaged magnetic field strength. The strength 
obtained coincided well with the actual one. From the analysis process it was found that the effect of the magnetic 
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field outside the coil had to be considered. Furthermore, the averaged magnetic field direction inside the coil was 
also deduced and the trend of three values agreed with the actual values although there is some discrepancy. 
Hence, we conclude that both of averaged magnetic field strength and the direction can be evaluated by this 
system.  
Although here we treated average values, experiments to obtain spatial distribution of the strength and the 
direction of the magnetic field will be planned to establish a procedure for two dimensional mapping of 
quantitative magnetic field imaging using polarized pulsed neutrons. 
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